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ABSTRACT

A series of experiments was performed to deteraine the minimum allowable
dimensions of circular, nondetent knobs mounted upon concentric shafts when
freguent inadvertent operation of aujacent coaxisl knobs cannot be tolerated.
Both unshiclued knobs anu knobs whese front faces were vhislded aguinst inad-
vertent operatlon werwe investigated., & standard setting wax used, and measures
were taken of reunch time, turning tims and lnadvertent touching of adjacent
coaxial knobs. Manipulated variables were thickness, olazcvter and aifference
in diameter between the operated knob ana ths aujacent knobs,

The conclusion was reached that 1Y three <nobs are to bz concentrically
ganged, and if the middle knob is about 2 in. in diawpeter (1) the alameter of
the front knob should be at least 1 in. smaller, and that of the back knob 1 1/4
in, greater, than that of the middle knob, (2) ths front and middle knobs should
both be 3/4 in. thick but the back knob muy be as thin us 1/4 in. These state~
ments apply to both unshieslded anid shi=lded knobs. NStatistically significant
decrements in performunce betwaen udjacent experimental conditions were found
when dimensions smaller than these were used,

Comparisons between the panwl space consutea by nongrngea knobs and by
concentrically ganged knobs indicated that punel sp.ce will selaom be savea by
concentrically gunging knobs when the following ccnaitions obtain: (1) the
knobs can bs operated by application of molerats torguw, (2) the uiffarence in
dianeter between concentrically mouniad knobs is large enough to insure that
their inadvertent operation will be infrequent, (3) 3.all aiameter (1/2 in. to
1 in.) nonganged knobs are acceptable substitutes for the larger diameter con-
centrically ganged knobs,
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INTRODUCTION

As aireraft and air misslons increase in complexity, more and more instru-
ments must be crowded into the limited panel space availuble, It is desirdble,
therefore, to find methods of grouping instruments which will permit a greater
instrumeat "density" without seriously impairing the efficiency of operation of
the instruments concerned. Une technique suggested to w-et these requiremsnts
is to gang or "stack" several control knobs alony the uimension perpendicular
to the instrament panel by mounting them on concentric shafts (Fig. 1). It is
the purpose of this report: (a) to datermine the minimum allowable aimensions
for concentrically yanged knobs, (b) to detormine unier what, it any, conditions
panel space 1s saved by using ganged controls of these minimom dimensions.
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Figure 1t Concentrically Figure 2: Hazard of inadvertent operation
ganged knobs, of aajacent knobs.

Ganging control Knobs probably lncreases the chance of inadvertent opera-
tion of aajacent knobs. In turning one of the knobs, the operator's finger tips
or knuckles may scrape against the face of the knob immediately behina it, or
his fingers or palm may scrape against one of the knobs in front of it, thereby
invalidating the setting of the knob inadvertwntly operated. (Fig. 2)

Inudvertent operation of the knob behind the operated knob presumably can
be eliminatea by shielaing the face of each except the foremost knob. Shield-
ing, however, aoces not prevent inaavertent operation of the knodb in front of
the operatea knob. Jince a shiela would necessarily be of saaller diameter than
the knob it protects (to allow the knob to be grasped and turned), the edge of
the knob remains unprotectea. Furthermore, shieluing itself introauces problems.
If the shiela is fastened to the chassis, then the support which anchors the
shield to the chassis 15 an obstruction to the fingers in turning any except the
foremost knob, (Fig. 3) #here multiple rotation knobs are used, there would be
strong objections to this type of shiela. Even with single rotation knobs, one
would expect speed and ease of operation to suffer. On the other hanz, if the
shield is fastened tc the knob shaft, each shield, in effect, is part of the
knob to whose shaft it is attached. Thus, since the diameter of the shiela must
necessarily be considerably larger than that of the knob mounted on the same
shaft, the chance is greatly lncreased that, when turning the protected knob,

WADC TR 55-355 1




the operator's fingers will overlap the shield and thereby inadvertently turn
the knob to which it is attached., (Fig. 4). Finally, there is a method of
shielaing which woula be free from the objections listed above, but which, in
all probability, woulu be unacceptable to design engineers because it would
nearly double the number of concentric shafts required for u glven number of
gangea knobs. This woula bu to fasten the shields to fixed concentric shafts
{"shield" shafts alternatins with "knob" shafts) which would not rotate and
whose sole purpose would be te snchor the shields,

FINGE:, OVZRLAP SHIELD
AND TUHN MILLLE KNCB TO

| NHUTAL AriCeTh FREV T WHI IT 15 ATTACHED
TUING KW 3 e
L B THAR 1307 WITHUT \\\
A EALPING X
Fipure 3: uJisadvantaye of shlelding Figure 4: Lisauvantage of shielaing
knobs when shiela is attached to knobs when shield ls attached to
the chassis. the xnob shaft.

In the series of experiments to be reperted hers, the situations in which
an operator nakes settings with either the front, the zdaale or the back knob
of three concentrically panged Knobs were si.ulatea or reproduced. Because the
chance of inadvertent operation is inferred from the frequency of inadvertent
touching, the results will apply only to a series of concentrically ganged knobs
all of which are capuble of being operuted by the application of moderate tor-
que., Specifically, the results will not apply to concentrically ganged detent
knobr.

Three variables associated with knob dimensions were investigated: thick-
ness, diameter ana uifference in diameter between the operated <nob ana the
aa_acunt knobs. Design engineers nay set thelr own criteria tor minimum allow-
able aimensions, The authors took as minimum allowable dimension the largest
value testea at which performance was significantly superior te performance at
the next smaller value, 7This was usually the point at which the time or error
curve became nearly parallel to the A-axis. another perfectly reasonable cri~
terion woula be aimensions which give rise to an arbitrarily selected percentage
of errors, such as errors on 54 of all trials. Designers wishing to use such a
criterion will find the necessary rigures in the Appenaix., Obviously such an

JiuC TR 55-355 2



approach can be expected to result in an entirely different set of "uminimum
allowable dimensions.”

APPARATUS ANW FROCSDURS

The subject's tusk was to reach from & fixed position, grasp one of three
ganged controly and muxe 8 standard setting., Ahen the results were to apply to
unshielded controls, he wus lnstructed to aveid touching any of the other knobs
in the series. When shielded controls werv to be sinulated, he was inutructed
only to avoia touching the knobs in fromt of the operated knob (since shielaing
protects the knobs behina the operated knob but not thouse in front of it). In
either case he was instructed to regard the controls to be avolded us being set
to an extremely delicate uadjustment, the accuracy of which was just as importent
as that of the adjustoent he was to make with the operated conlrol. He was fur-
ther instructed tu consider that the slipghtest touch of the hanu would invalidate
the setting of & contrel inadvertently touched. With this orlientation he was
instructed to work both for speed ana for accuracy as definea by absence of inaa-
vertent touching of the "prohlbited" controls. Inadvertent touchning, rather than
inadvertent gperation, of « "wrong" control was selected uu the criterion of
error because frequency of inaavertent operation woulu necessarily be a function
of the amount of torgue required to move the inmavertently operated knob, It is
not intended that freguencies of inadvertunt touching be interpreteda as absolute
frequencies of inaavertent operation. It is intenced only that they serve as an
index of relative "task airticulty™ or "error susceptibility" in compuring one
experinental conultion «ith another, Finully, the subject was askea always to
grasp the operated control with the thusb cimetrically cpposite the ringers ana
in contact with the knob,

The apparatus is shown in Figure 5, The sequence of operations was as
follows, At the start of a trial the operateu knob was in eithrer its extrere
counterclockwise or its extreme clocnwise porition (i.e. with the black rzaial
line on its face pointing at 8 o'cleck or at 4 o'clock), ana the sutject was
derpressing the telegraph xey with hi. acuadnsnt tunds The cxperimenter then
trrew a switch to illuninute the acber lipht. This wac a signal to the subject
tr.at, whenever he was ready, he mic-ht reach up, avoidaing the "pronibited" xknobs,
grasp the "operated” knob and turn it untll the black rauial line on its face
w.s pointing straight up, at which point the lisht woula go out., ‘hen he had
turned out the light, the subject wus to return his nuna to the telugraph key
until the experimenter threw s switch alsconnectin, bio tivv clocks from the
subject's appuratus. The throwing of the seiteh was u oiynsl to the subject to
reset the opvrated krob. lie wias to alternzte the sturting position of the clack
raaial line between its extreae clockwise and its extrew. counterclockwise posi-
tions. There were {ive clockwise an. five counterclockwise settings for each
experimental conaition.

The experimenter's uppuratus recoraea: (a) reach time - the time elapsed
from the release of the tel.graph key until the operated xnob begins to turn,
(b) turning time - the tine, after Lhe operated Knob starts to turn, that the
Knob spenas outside of the narrow "adjustment” zone in which the black raaial
line on its face is vertical anc the amber lirht is extinguished, (c¢) back knob

#ADC TR 55-355 3
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errors - lnadvertent touchinp of the knob luierdiately behinu the operated knob,
(d) front knob errors - inadvertent toucklng or the knob in front of the operated
knob, Any frequency of touchiny of a purticular "prohibitea” knob uuring a sin-
gle triul was countuu as only one wrror. Only thors errors committed uuring a
"trial" proper were recorded; srrors in resetting the knob were not counteu,
Both timz und error scores were recorded on the theory that they are complemen-
tary measurements: u subject cay wake rew errors bec.use he is «»11ling to spena
an lnoruinate smount of time in neticulous operation of the knob, or he xay make
low time scores becuurs be aowy not exereise sufficient cure to .nvold w=rrors.

/o uiffleult conultion, theretory, auy wvucape detsctlion by one of these .cnLures,
but it is unlikely to escape aetectlon by toth.

In order to assure consistent operation of the thyratron circuits, the
subjuct (ecewpt in Zxperlient I-B) was biagsd with 228 volts D.C. by means of
a clip attached to his gominant torenrw, In dsperiments I-A anu I-B, a very
sunsitive thyratron clrcuit wus used., In Wdl other egpuricents, the thyratron
circult recoriiny fronteznob errors was uite seusitive, Hosever, the back-
xnob-arror thyratron cirzuit was appreciably less sensitive to touching. Fre~
quuncies of back~xnob errors, thersfore, shouli not be compared with frequencies
of front knob errors.

Seventy-six mals college studenty servea as subjects for thes: ziperiments.
Since clockwise and counterclockwise setbings were alternated unaer each condi-
tion, it was deemed safe to use both right ana left-hanaei subjects. In any
ziven axperioent, each subject performea under every esperineontal conaition,
thereby acting as !ds own control., The order of presentation of experimental
:onaitions to the various subjects was balunced in « wanner tenains to cancel
sut learning eftects. sach conultlion of each variable was presenten the same
nuwiber of tizes first, second, thira, ete, The subject was not tola what xzea-
suredents the experinenter was recording; howevar, all of the neasurecents taken
could be inferred from the clicking of relays.

A nwibze of waperiyeonts was conauet i in which the effect of vwrdous para-
dcters woas dnvestipabea when the froat, the olaulz or the buck of thrae ganged
knobs wus operstea, Th2 variabli:s canipuluated as well oo the constant values
assignea to the nonanigulated variables for each of tne experiments can be
found iIn Table I, The specific vialues us2d4 for the sxnipulated variables will
not bz raported in the text but can be obtained frov the graphs. Reasons for
the choler of the constant values selected for the nonmunipulatea variables
can be found in tha Discussion section of the pilot stuuay.

In thres of the experiments, shielded as well as unshiclded knobs were
investigated, the only changes in experimental procedure when shielded knobs
were simulated being that: (a) subjects were instructea to avoid touching only
those knobs in front of the opurated knob, (b) the buck <nob was ulsconnected
from its touchplate circuit so that only front knob errors were recorded, (c)
a nuuber of new subjects, equal to that used in investigating unshielded knobs,
was used. It will be noted that results of esperiments in which the middle of
three shielded knobs is operated are also applicable to the situation where the
second of two ganged knobs is operated, since, in effect, the subject ignores
the third knob, Furthermore, the results would be equally applicable to shielded
and unshielded knobs, since shielding woula serve only to protect the second knob
when the front knob was operated,
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There were occasiconal variations in the general apparatus ana procsdure
described above, In txperiment I-A, errors were recorded, not by u lisht on
the experimenter's panel, but by a Veedsr counter which operated avery time the
back knob was tcuched during a trial (an error, however, was still cefined as
one or mors inadvertent touchings in a single trial), The operation of the
countar was far noisler thun that of the holding relay used in the succeeding
sxperiments, and the assoclation between its operation and the commission of an
error was far more compelling than was the association betwsen errors and relay
clicks in the experiments which followed, In Experiment I~B, the subject was
glven no instructions whatever concerning the avoldance or nonavoidances of
adjacent knobs, The "back #nob' was a 9 in. ulaneter m-tal plate, fastened to
the chassis by four screws, In “xperiment IV, the subject operated the back
knob and 4 singls touchplate circult was used to rscord inadvertent touching of
either the tront or midule knob, Inerefore it was impossible to deturmine which '
knob haa been the cause of the error. In txperiment V, the subject wade set-
tings with his eyes closea, una reset the xuob with his »yes open, The overhsad
lights were extinguished and the subject “observead" the wuber light through his
closed eyelids, using the associated relay clicks us supplementary cues, The
subjects used for this experiment were the sume subjects who had been used in
Experimant 1V, They were run immeaiately after the coxmpletion of Experimunt
IV with no interval between experiments other than that necessary to read a new
set of instructions. The raason for this procedure was to provide the subjects
with a foraperiod of practice (Experiment IV) in which to learn the location of
the operated knob and acguire a kinausthetic "foel™ for the task.

PIIOT STULY

This experirent was an explora-
tory one. It was intenaed that its
results should indicate the proper

direction for more precise and spe- P
cific experiments, A
. - ";_‘AAT).Q
The task rejuired was the - 7

operation of the miadle knob of
tnree, unshielded, concentrically
mountad knobs, This was presumed
to be the most aifficult task
ancountered in the operation of
three councantrically mounted knobs.
It was selected for investigation
on the assumption that a variable
fecund to be wsak or incirnificant
in this situation would probably LINETaR OF CPTATE. KB,
be negligible in all others. It PIXE T WIPE DL R
was hoped in this fashion to reduce AN TRISQNL S (CF ALL
the number of variables requiring THIEK KAL) W VAAIE
investigation in the experiments ,x//

to follow,

AV IL Ry

Figure 6: opecific task conditions for
pilot study.
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The diameter of the operated knob, the aiameter ulfference between the
oper«ted knob and both the front knob and the back knob, and the thickness of
all three knobs wers varied. In any given experimental conaition, all three
knobs had the same thickness, and the same value was used for both dlameter
differences. There were four conaitions of each variable, muxing 64 possible
combinations. rach of these combinations was tested., The experimental design
is described by Lindquist (3). Bach subject performed under one fourth of the
possible conditions in such & way that each subject performed under all two
variable combinations but under only one Yourth of the possible three variable
combinations.

TABLE II

Results of otatistical Analysis for kilot utuay

Sivnificance Lavels from snulysis of Variance

Lianueter Txbwxl
Iype of Leasure Thickness Uifference uiameter TxDu IxD buxi (within Groups)
back Anob Errors +O0L 0L N J0L NS NS 001
Front Knob Zrrors Lol NV 20l LW001 N5 W01 +C01
Keach Tirze 0L 001 0L NS NS W01 01
lurning Time »00L L0 L0 NS .01 001 +C01

viscussion of results: racause the experiment was intended only as a
sulue for rurther research, only thosa results which strongly inrluenced the
dir-ction teken in subsejuznt experiments will te discussed, the alscussion
being basea volely upon the graphs ana the analysis of variunce for errors.

Uiameter, as a .ain effect, inrluenced only front knob errors. Its only
sivnificant int=raction was with alametur aifference tor tront Knob errors.
Tor both error measurements, thicknesy ana alameter aifference were nighly sig-
nificant, both as main etffects and in interaction with each other. Dianeter,
then, 1s by far the weaxest ana least important variable of the three. an
esamination of the graphic data suggests thst, when ularneter had a significant
etfect, the sikniticance was probubly aue to the 3 and 4 inch diameter values,
where performaence was poor, rather than to the 1 or 2 inch values. In most of
the experirments to 1ollos, treretore, the ulameter of the operatea knob was
nela constant at 2 in. since this fipure ssgems to be about the optimum, since
small changes in ulameter arounu 2 inches apparently have little eifect upon
performence, ana since 2 inches rermits reasonuble values for front and back
knob aiameters when a alameter ulfference is usea which the praphic data seem
to denand (i.e. about 1li in.).
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Figure 7: Error scores for the operation of the niddle knob of a series
of unshielded, concentrically mounted knobs when thicknuss, diazeter
difference and dlameter of the operated kncb are varied.

Errors contirue to aiminish rapiuly with ilncreasing diameter difference up
to the end of its range of values. One inch, then, is not a sufficiently large
difference in diameter to reduce errors to a tolerable level. Therefore, in the
experiments to follow, the range of diameter uifferences was extended,

Diameter differunce appears to have its greatest effect upon front knob
errors, although back knob errors are also affected. JIince back knob errors

WADC TR 55-355 9



TABLE III1

Error Results for Pilot Stuay

% Back Knob Errors % Front Knob Srrors

Diameter Difference Diameter Difference
s X2 3/ _ 1 s 12 34 1
1/4 | 79.2 65.8 50.8 34.2 98.3 79.2 32.5 23.2
Thickness 1/2 | 49.2 31,7 19.2 18.3 83.3 57,5 30.0 lhok
(A1 diameters 3/ | 10.0 10.8 7.5 7.5 55,0 4he2 27.5 16,7

combined)
1 11.7 9.2 9.2 5.0 56,7 36.7 30.0 33.3
1 35.0 38.3 18.3 12.5 70.0 46,7 133 ~—m-
Diameter 2 36.7 24,2 21.7 11.7 75.8 52,5 20,0 5.8
(A1l thicknesses 3 32,5 28.3 24.2 18.3 70.0 52.5 28.3 25.8
combined)
4 L5.8 26,7 22,5 22.5 77.5 65.8 58.3 34,2
Diameter Diameter

A 2 3 4 1l 2 3
1/L | 55.8 50.0 59,2 65.0 67.8 54,2 58.3 64.2
Thickness 1/2 | 27.5 27.5 32.5 30.8 L7.8 L43.3 L1.7 60,8
(A1l diameter dif- 3/4, | 1.7 7.5 5.8 10.8 244 28,3 31.7 60,8

ferences combined)

1 9.2 9.2 5.8 10.8 33.3 28.3 45.0 50.0

Percentage of Front Knob Errors When Miadle Knob Is 1" in Diameter

Diameter Difference

1 1 l ./‘21! 3 {!I H"
/4" 100 90 13
1/2" 83 43 17
Thickness
3/4" 40 33 0
i 57 20 23

WADC TR 55-355 10




diminish with increasing diameter difference (as more back knob area becomes
exposed to the hazard of inadvertent touching) it seems obvious that it is not
the ulameter difference between the middle ana back knob, but rather the dia-
meter difference betwsen the middle and front knob, which influences back knob
errors. FPresumably, at small diameter differences,the subject, in attempting

to avold touching the front knob, reaches farther back on the middle knob in
grasping it, thereby increasing the chance of touching the back knob and record-
ing a back knob error, If this be true, then back knob errors vary with diameter
difference only because the subject is trying to avoid touching the front knob,
In any event the data suggest that the uiameter aifference between the middle
and back knob is an irrelevant variable. In most of the experiments to follow,
therefore, the back knob was assigned a large constant diameter, and only the
diameter difference between the middle and front knobs was varied.

Since thickness was varied for all three knobs simultaneously, it is impos~
sible to say with certzinty which knob thickness is responsible for a certain
effect. It seems entirely reasonable to assume, however, that the influence of
thickness upon back knob errors is mainly attributable to the thickness of the
middle knob. The knob whose thickness affects front knob errors is more diffi-
cult to identify on logical grounds. One might expect front knob errors to
increase as front knob thickness increases, since this brings the face of the
front knob closer to the palm of the hand. On the other hana, one might expect
front knob errors to increase as middle knob thickness decreases, since subjects
may grasp the middle knob closer to its face when thickness is small in an
attempt to avoid back knob errors. In the present experiment front knob errors
increased with decreasing thickness. Therefore the evidence supports the second
hypothesis. However, both hypotheses may be true, the second effect being
stronger than, and obscuring, the first when thicknesses are varied simulten-
eously. It would be aesirable, then, that these two hypotheses be tested
separately in the experiments to follow,

Table III shows that large diameter differences are necessary even with
small diameter knobs. wilcoxon's nonparametric test for paired replicates (4)
was applied to the data for front knob errors when the operated knob diameter
was 1 inch. Statistically significant improvements in performance were found
for each increase in aiameter difference from 1/4 in. to 3/h4 in. (at which the
error frequency was 13.3%). Since at a diameter difference of 3/4 in. the front
knob is 1/4 in. in diameter, it is clear that using knobs of small diameter does
not relieve one of the necessity to use large diameter differences.

WADC TR 55-355 11




% ERRORS

This experiment investigated
the effect upon performance of
front knob thickness and diameter
when the front knob of a series
of unshielded ganged knobs is
operated,

EXPERIMENT I-A
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Specific task conditions for
Experiment I-A.
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TARLE IV
Statistical Analysis for Experiment I~A

Significance Levels from Analysis of Varlance

Type of Measure Thickness Diameter T x D Interaction
Back Knob Errors «05 NS NS
Reach Time .001 »001 NS
Turning Time Ol .001 05

Significant (two tailed) t Tests Between Adjacent Conditions

Thicknesses At Which  Sig. Diameters At Which Sig.
Type of Measurse Compared Diameter Level | Compared Thickness Level
Back Knob Errors None All Not
Significant Combined Tested
Reach Time /4 & 1/2 A 001 1 &2 Al 05
Combined Combined
1/2 & 3/4 A1l 0L
Combined
Turning Time /4 & 1/2 1 +«05 1&2 1/4 05
/L & 1/2 3 .05 L &3 1/2 <05

Conclusions: When the front knob of a series of unshielded, concentrically
ganged knobs is to be operated, performance will suffer if the knob is less than
3/L in. thick. This performance decrement will be confined mainly to operation
time, however, since errors are quite infrequent under all thickness conditions
tested. While the optimum diameter appears to be in the neighborhood of two or
three inches, a diameter as small as one inch may be used without increasing srrors
but at an additional cost in time,

EXPERIMENT I~B

This experiment repeated Experiment I~A except that shielded knobs were
simulated and tested,

WADC TR 55-355 13
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Figure 10: Specific task conditions and results for Experiment I-~B,

TABLE V

Statistical Analysis for Experiment I-~B

Significance Levels from inalysis of Variance

Type of Measure Thickness Diameter T x D Interaction
Reach Time 005 001 NS
Turning Time NS .001 NS

Significant (two tailed) t Tests Between Adjacent Conditions

Thicknesses At Which Sig. Diammeters At which Sig.

Type of Measure Compared Diameter Level | Compared Thickness Level

Reach Time 1/2 & 3/4 A1l .05 1&2 All 001
Combined Combined

Turning Time Not 1l &2 All 001
Tested . Combined

L &3 All 001
Combined

WADC TR 55-355 14



Conclusions: When the front knob of a series of shielded concentrically
ganged knobs is to be operated, a 1 in. diameter knob is too small for optimal
performance scores. However, since concentric ganging necessarily involves the
use of knobs of several different diameters, a diameter of 1 inch for the front
knob cannot be rejected simply because it is not the optimum,

EXPERIMENT II-A

This experiment investigated the effect of front knob thickness and the
diameter difference between the middle and front knob when the middle of three,
unshielded, ganged knobs is operated.

TABLE VI
Statistical Analysis for Experiment II-A

Significant (two tailed) t

Significance Levels Tests Between Adjacent
from Analysis of Variance Conditions
Front Knob Diameter T x DD Diam. Diffs. At Which Sig.
Type of Measure |Thickness Difference Interaction|Compared Thickness Level
None A1l
Back Knob Errors NS .01 NS Significant Combined
A1l
Front Knob Errors NS 001 NS 1/4 & 1/2  Combined .01
A1l
1/2 & 3/,  Combined .01
Al
Reach Time NS 001 NS 1/h & 1/2  Combined .05
A1l
1/2 & 3/4  Combined .OOL
A1l
Turning Time NS 0L NS 1/4 & 1/2 Combined ,05
Al

1/2 & 3/4  Combined .0l

WADC TR 55-355 15
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Conclusions:?

#hen the (2 in. diameter, 1/2 in. thick) middle of three
unshielded, concentrically gunged knobs is ©to be operated: (a) performance is
indepeadent of the thickness of the front knob (within the range: 1/2 in. to

1 in. front knob thickness), (b) performance in general suffers when a diameter
difference of less than 3/4 in. exists between the front and miadle knob,

This experiment repeated HExperiment II-A except that shielded knobs were

EXPERIMENT II-B

simulated and tested,

TIype of Measure

TABLE VII

Statistical Analysis for Experiment II-B

Significance Levels
from Analysis of Variance

Front Knob Diameter T x DD
Thickness Difference Interaction

Significant (two tailed) t

Tests Between Adjacent

Conditions

Diam, Diffs. At Which Sig.
Compared Thickness Level

All
1/4 & 1/2  Combined

Front Knob Errors NS .001 NS 01
411
1/2 & 3/4  Combined .05
All
1&11/4 Combined .05
All
Reach Time NS .001 NS /4 &1 Combined .05
None All
Turning Time NS 01 NS Significant Combined
WADC TR 55-355 17
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Figure 12: Results for Experiment I1I-B.

Conclusions: When the (2 in., diam-
eter, 1/2 in. thick) middle of three,
shielded concentrically ganged knobs is
to be operated: (a) performance is
independent of the thickness of the
front knob (within the range: 1/2 in.
to 1 in. front knob thickness), (b)
performance suffers when a difference
of diameter of less than 1 1/, in.
exists between the front and middle
knob.
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Figure 13: Specific task conditionms
for Experiment II-B.
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EXPERIMENT III-A

This experiment investigated the effect of middle knob thickness, and
diameter difference between the middle and front knob, when the middle of three,
unshielded, conceatrically ganged knobs is operated. One of the "thicknzssesg"
investigated was a 1/2 in. thick knob separated by a 1/2 in. space gap from the
face of the knob behind it, so that the distance between middle knob face and
back knob face was one inch.

TABLE VIIX
Statistical Analysis for Experiment II1I-A

Signiticance Levels from Analysis of Variance

Type of Measure Xiddle Knob Thickness Diameter Difference I x DD Interaction

Back Knob Errors 001 Q5 05
Front Knob Errors .001 001 001
Reach Time 001 001 NS

Turning Time NS »001 05

Signiticant (two tailed) t Tests Between Adjacent Conditions

Thicknesses At Which Sig. Diam, Diffa At Which Sig.
Type of Measure Compared Diam, Diff. Level Compared Thickness Level
None
Back Knob Errors 1/2 & 3/4 1/2 .05 Significant
1/2 & 1/2
spaced 1/2 1/2 .01
1/2 & 1/2
spaced 1/2 11/, .05
Front Knob frrors 1/2 & 3/k 1/2 .05 1/2 & 3/4 1/2 .01
1/2 & 3/4 3/4 0L 1/2 & 3/4 3/ 001
1/2 & 3/4 1 .05 1/2 & 3/4 1 .05
1/2 & 1/2
spaced 1/2 1/2 .00L 3/L &1 1/2 .05
1&11/4 1/2 001
ALl ALl
Reach Time 1/2 & 3/4 Combined 01 1/2 & 3/4 Combined .001
1/2 & 1/2 Al Al
spaced 1/2 Combined .00L 3/h &1 Combined .00L
Turning Time Not Tested 1/2 & 3/4 3/h .0l
1/2 & 3/4 1 001
1&11/4 1/2 .05
WADC TR 55-355 19
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Figure 14¢ Specific task conditions and results for ixperiment III-A.

Conclusions: ‘hen the (2 in. diameter) middle of three, unshielded, con-
centrically ganged knobs is to be operated: (a) performance improves with
increasing middle knob thickness up to a thickness of 3/ in., (b) under certain
conditions, spacing between middle and back knobs is equivalent to and inter-
changeable with middle knob thickness (because perforuance with the 1/2 in. thick
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middle knob separated by a 1/2 in. space gap from the back knob was statisti-
cally indistinguishable from performance with a 1 in. thick middle knob with
no space gap, but was frequently superior to performance with a 1/2 in, thick
middle knob with no space gap), (c¢) performance improves with increasing diam-
eter difference between front and middle knobs up to a diameter difference of
1 in. for performance in general and up to 1 1/4 in. in certain cases.

EXPERIMENT III-B

This experiment repeated Experiment III-A except that shielded knobs were
simulated and tested.,
TABLE IX
Statistical Analysis for Experiment III-B

Significance Levels from Analysis of Variance

Type of Measure Middle Knob Thickness Diameter Difference T x DD Interaction

Front Knob Errors NS 001 .05
Reach Time 01 +O0L1 NS
Turning Time NS .05 s
Significant (two tailed) t Tests Between Adjacent Conditions
Thicknasses At ‘Which Sig. |Diam, Diffs. At Which Sig.
Type of Measure |Comparazd Diam, Diff. Level|Compared Thickness Level
Front Knob Errors|Not Tested 1/2 & 3/4 1/2 .05
1/2 & 3/4 3/4 001
1/2 & 3/4 1 .05
1/2
1/2 & 3/l spaced 001
1/2
3/ & 1 1/2 Ol
3/4 &1 3/ .05
A1l A
Reach Time 1/2 & 3/4 Combined .05 [1/2 & 3/4  Combined .0OL
1/2 & 1/2 A1l
spaced 1/2 Combined 01
All
Turning Time Not Tested 1/2 & 3/4  Combined .05
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Figurs 15: Results for Experiment III-B

Conclusions: 'when the (2
in. diameter) miadle of thres,
shielded, concentrically ganged
knobs is to be operated: (a)
under certain conditions spacing
between middle and back knobs is
equivalent to and interchangeable
with middle knob thickness, (b)
performance in general improves
as diameter difference between
front and middle knobs increases
up to 3/4 in, difference in diam-
eter, ana in certain cases as
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Figure 16: Specific task conditions
for Experiment III-B.
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EXPERIMENT IV

This experiment inves-
tigated the effect of back
knob thickness and the aif-
ference in diameter between
the back and middle knobs
when the back knob of three
concentrically ganged knobs
is operated.

AVOLuky

AVOLuis

VP AATRY

Since shielding pro-
tects only the knobs behind

the operated knob, shiecld- ‘
ing has no effect when the

backmost of a series of =

knobs is operated as in the - —

present experiment. Results _,,,//*””” ¥

of this experiment are there- S

fore applicable to both UIFPAR.CE BTN T

shielded and unshielded knobs. e

Figure 17: OSpecific task conaitions
for Experiment IV.
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Figure 18: Results for Experiment IV,
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TABLE X

Statistical Analysis for Experiment IV

0 ted
Koot *®® Dismeter T x DD  |Diam. Diffs. At Which Sig.
Type of Measure |Thickness Difference Interaction |Compared Thickness Level
Front Knob Errors NS 001 .05 1/2 & 3/4 3/k .01
3/h &1 1/h .05
1&11/4 1/2 05
A1l
Reach Time NS .001 NS 1/2 & 3/, Combined .05
All
1&11/4 Combined .05
All
Turning Time NS .01 NS 1/2 & 3/4 Combined .05

Conclusions: When the back knob of three concentrically ganged knobs is
to be operated, and when the middle knob is 2 in. in diameter: (a) performance
improves with increasing differences in diameter between back and middle knob
up to a diameter difference of 1 1/4 in., (b) back knob thickness may be as
small as 1/4 in. without greatly increasing operation time. The statistical
criterion for concluding that errors vary with back knob thickness was almost,
but not quite, met. The general appearance of the data suggests that such an
effect did exist. Therefore, it is difficult to formulate a concise positive
conclusion as to the minimum allowable thickness of the back knob,

EXPERIMENT V

This experiment was designed to determine the effect of "blind reaching"
upon performance in the operation of concentrically ganged controls. "Blind"
operation of the middle of three, unshielded, ganged knobs, was selected as the
task since this represents the most demanding situation to be encountered.

In Experiment III-A, at certain middle knob thicknesses, the task performed
was quite similar to that required in the present experiment except that the
settings were made with the eyes open. By comparing these two experiments,
therefore, the interested reader will obtain a gross indication of the extent
to which performance suffers because of the necessity to make settings "blindly".
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TABLE XI
Statistical Analysis for Experiment V

Significance Levels from Analysis of Variance

Type of Measure Thickness Diameter Difference T x DD Interaction
Back Knob Errors 0L .01 .05
Front Knob Errors 05 .001 NS
Reach Time 01 0L NS
Turning Time NS .05 05

Significant (two tailed) t Tests Between Adjacent Conditions

Thicknesses At Which Sig. |{Diam. Diffs, At Which Sig.
Type of Measure |Compared Diameter Diff, Level|Compared Thickness Level
Back Knob Errors | 1/2 & 3/4 1/2" Ol | 1/2&1 1/2n .05
1/2 & 3/4 n .05
All
Front Knob frrors| 1/2 & 3/4 All Combined .05 | 1/2 &1 Combined ,00L
A1l
1&311/2 Combined .01
A1l
Reach Time 1/2 & 3/4 All Combined Ol | 1/2&1 Combined .01
Turning Time Not Tested 1/2 &1 1/2n .01

Conclusions: When the (2 in. diameter) middle of three, unshielded, con-
centrically ganged knobs is to be operated "blindly": (a) errors can be markedly
reduced by using a middle knob thickness of at least 3/4 in., (b) even with a
3/L in. thick middle knob, a diameter difference at which errors would be neg-
ligible would probably be prohibitively large. At "reasonable" knob dimensions
(i.e. middle koob 2 in. in diameter, 3/ in. thick, diameter difference 1 l/h
in.) the number of trials resulting in an error, though appreciable, is fairly
low, probably being somewhere around 10 percent.
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SUMMARY OF RESULTS

Of the four measures of performance taken, back knob errors appeared to
be sensitive primarily to operated knob thickness. Front knob errors responded
most dramatically to diameter differences. Reach time was sensitive to all
real effects, although not always so sensitive to diameter differences as were
front knob errors. Turning time was virtually insensitive to knob thickness
and was generally somewhat inferior to reach time in reflecting changes in the
second manipulated variable. Reach time, in a sense, was the best measure of
error hazard, The nonoccurrence of an error can in no way reflect the diffi-
culty with which its occurrence was prevented by the operator. A time score,
however, can reflect the cost of accurate performance and can do so on every
trial, Reach time was particularly well suited to be such an index of error-
conduciveness, including as it did, the time necessary to assume a manual,
grasping posture which would permit taking hold of the proper knob without
touching the adjacent knobs.

A number of logical criteria can be used to arrive at "minimum allowable
dimensions". All, however, involve some arbitrary decision as to what degree
of performance decrement is intolerable. The authors used a statistical cri-
terion. The largest dimension at which performance was significantly superior
to that at the next smaller one was regarded as the minimum dimension allowable.
Here, of course, the size of the sample, the level of probability chosen for
"significance", and the "distance" between adjacent dimensions testea all imply
arbitrary decisions of the type just mentioned, Those who prefer to define
minimum dimensions as those resulting in a specified percentage of errors will
find Table LIII useful.

Table XII presents minimum dimensions as defined by the statistical cri-
terion. The reader is strongly urged to give due weight to the following con-
siderations in interpreting this summary table of results: (1) Only statis-
tically significant differences between adjacent experimental values of a
dimension are reported. Therefore some larger nonadjacent value may be signi~
ficantly superior to the value entered in the table. (2) Probably because of
the small N used, the largest value of a aimension which is significantly
superior to the next smaller value is freguently itself appreciably smaller
than the value at which the "curve" for the dimension levels off. (3) The
value entered in the table is sometimes the largest value tested in the experi-
ment, This is particularly true of the "blind operation" experiment. In such
cases, much larger values might have qualified for entry into the table had
only they been tested. (4) Statistical significance is based upon the .05
level of significance for a two tailed t-test for matched pairs. This is by
far the safest procedure when the possibility of a nonnormal distribution exists.

Referring now to the summary table of results, the thickness data are
fairly clear cut., Whether shielded or not, the front and second ganged knobs
(of a series of either two or three ganged knobs) should be 3/4 in. thick for
good performance. The third knob may be as thin as 1/4 in. if it is the last
knob and if its diameter is in the neighborhood of 3 in. Under certain condi-
tions the space between a knob and the knob behind it may have the same effect

as knob thickness.
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Since the evidence so clearly indicates that a 3/4 in. thick middle knob
should be used, only the data on diameter difference for u middle knob 3/4 in.,
thick or more zor data for all middle knob thicknesses combined, when there is
no significant diameter difference by thickness interaction) will be discussed.
Diameter difference data, then, inaicate that for good performance the aiameter
difference between a 2 in. diameter, 3/i4 in. thick wiudle knob and the front
knob should be at least 1 in. The diameter differunce between the same middle
knob and the back knob shoula be at least 1 1/4 in. (and probably should not be
greater than 1 1/2 in. - See variation of front knob errors with increasing
operated knob aiameter in the Pilot Study.). At smaller diameter differences
than these, performance will suffer whether shielded or unshielded knobs are
used,

Data on knob diameter suggest that the optimum knob aiameter is somewhere
in the neighborhood of 2 or 3 inches, that both speed and accuracy suffer at a
diameter of 4 in., and that speed is reduced at a 1 in. diameter. A front knob
diameter as small as 1 in,., then, can be used without increase in errors but
at an additional cost in operation time.

In general, the minimum allowable dimensions for shielaed knobs have been
no smaller than those for unshielded knobs, It would appear, therefore, that
while shielding is of definite advantage in eliminating back knob errors and in
proviuing a stationary surface upon which to print graduation marks, numbers and
labels, it contributes very little, if at all, to the saving of panel space when
the statistical criterion for minimum allowable dimension is used.

THICKNESS CAN BE AS DISTANCE BETWEEN KNOB
SMALL AS 1/4* IF

FACES SHOULD BE NO
DIAMETER IS ABOUT 3* LESS THAN 3/4*
AND IF THIS IS THE
BACKMOST KNOB =7

p—y
-
fee
—
QS

P

T

I
|

SHOULD BE NO LESS

s THAN 1/2°
SHOULD BE NO LESS

Figure 20: Minimum allowable dimensions for either shielded or unshielded
knobs when (a) knobs can be operated by application of moderate torque,
(b) frequent inadvertent operation of adjacent controls cannot be toler-
ated, (c) diameter of the middle knob is between 1 1/2 and 2 1/2 inches.
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TABLE XIII

Freguency of Inadvertent Touching of Adjacent Knobs When the Front, Middle ox
Back Knob of Three Concentrically Mounted Knobs is Operated

Number of Times in 100 Knob Operations that an Adjacent
Knob Could Have Been Thrown Off Its Proper Setting (i.e.
Sum of Percentages for Back and Front Knob Errors%

Diameter Differsnce Unshielded Xnobs Shielded Knobs
Between Operated
Operated Knob and Knob Operated Knob Thickness Operated Knob Thickness
Xnob In Front of It /4 1/2 3/ 1 /4 1/2 3/ 1
Front ——— ’1'01 9% ‘ (3 2) 0 - (_)* — -
1/2 78,3 40.0 26.7 30.0 31.7 18.3
3/4 35.8 8, 3% 8.3 15.0 1.7 10.0
Middle
1l 17.5 5.8 5.8 3.3 3.3 8.3
11/, 10.8 4.2 (0) (2.5) 0 1.7
1/2 33.3 20,3 25.0 33.3 20.8 25.0
3/h 32.5 20,8  10,0% 32,5 20,8  10.0%
1 17.5 15.8 9.2 17.5 15.8 9.2
Back
1 /4 10.8 2.5 5.0 10.8 2.5 5.0
11/2 3.2 5.8 (.8) 3.3 5.8 (.8)
13/4 9.2 5.8 2.5 9.2 5.8 2.5
Minimum Allowable Dimensions Correspond
Criterion for Minimum Allowable Dimension To Table Sntries Which Are:

Statistical Underlined

An adjacent knob inadvertently touched about once in
100 operations, Bracketed
(Three knobs operated with equal frequencies)

An adjacent knob inadvertently touched less than 10
times in 100 knob operations. Starred
(Three knobs operated with equal frequencies)

The 1/4 in. thickness is not recommended for the front knob since operation time was much longer at 1/4
in. than at the 1/2 in. thickness.
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GENERAL DISCUSSION

The large diameter differences which are necessary to prevent front knob
errors strongly suggest that (when the avoidance of inadvertent operation of
adjacent, nondstent, concentrically mountéd controls is a critical consideration},
panel space will seldom be saved by mounting knobs on concentric shafts. Table
XIV permits a comparison of the amount of panel area consumed by concentrically
ganged knobs versus that consumed by the same number of nonganged knobs, It
will be seen that if a 1 in. diameter difference be used (the smallest diameter
difference that would be used if errors were an important consideration) con~
centrically ganged controls, with one trivial exception, actually require more
panel space than the same number of 1/2 in. diameter isolated knobs.

TABLE XIV
Panel Area (Times 64/Tr ) Required for a Given Number of Knobs When
They Are Concentrically Ganged Versus That Required When They are Completely
Isolated from Each Other (Diameter of Front Ganged Knob: 1/2 Inch)

fClear Space"

Margin To Be
Left Around
No. of Knobs for Diameter Difference Between Diameter of
Knobs =~ Finger Clearance Ganged Knobs Isolated Knobs
/2 3k 1 11/ 2 34 1
2 None 16 25 36 49 8 18 32
2 1/2" 6, 81 100 121 72 98 128
2 3/h" 100 121 144k 169 128 162 200
2 pL 4 169 196 225 200 242 288
3 None 36 64 100 144 12 7 48
3 1/2n 100 144 196 256 108 147 192
3 3/4n 4 196 256 324 192 243 300
3 m 196 256 324 400 300 363 432

The comparison becomes more unfavorable to the concentrically ganged knobs
with greater front knob diameter, greater diameter difference, and with larger
numbers of knobs to be ganged. Xven with large margins for finger clearance
(around the backmost ganged knob and around all of the isolated knobs with which
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Example 1: Five 1/2 in. diameter Example 2;: Four 3/4 in. diemeter ,
knobs can be placed, 1 in. apart, in knobs can be placed in area shown in

the seme panel space as is consumed Example 1.

by three concentrically ganged knobs

of minimum allowable diameter diff-

erence. (Front ganged knob 1 in. in

diameter)

Example 3: Nearly three 1 in. di- Example 4: Four 1/2 in. diameter
ameter knobs can be placed in area knobs can be placed, 1 in. apart,
shown in Example l. in the same panel space as is con-

sumed by three concentrically gang-
ed knobs of the minimum allowable
diemeter difference. (Front ganged
knob 1/2 in. in diameter)

Figure 21: Number of separated knobs of various diameters which can be placed
1l in., apart in the same panel area as is required for three concentrically
ganged knobs, Example 4 is a limiting case., The combination of diameters
shown for the concentrically ganged knobs was not specifically investigated.
It is probably the smallest set of concentrically ganged knobs whose use is
implicitly acceptable on the basis of these experiments.
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the comparison is made) no appreciable amount of panel space is saved by concen-
trically ganging two knobs unless the isolated knobs with which the comparison
is made are of large diameter. The table used completely isolated knobs as the
comparison., If the nonconcentrically ganged knobs, however, are arranged in a
matrix so that the same "margin" can serve for adjacent knobs, the comparison
becomes still more unfavorable to the concentrically ganged knobs. (Fig., 21)

The allowable spacing of separated knobs arranged in matrices has been investi-
gated under very nearly the same task conditions, measurements, etc., as in the
present series of experiments (2). The results of this research indicate that,
generally speaking, three small diameter knobs arranged in a matrix result in
considerably fewer errors than do three concentrically ganged knobs consuming
the same amount of panel space. The data comparisons leading to this conclusion
are extensive and complicated and do not lend themselves to concise presentation.
The interested reader, therefore, is invited to consult the original data
included in both this report and that concerning knob crowding for substantia-
tion of the contention that "crowding" small diameter knobs is a more efficient
means of economizing on panel space than is mounting a series of knobs on con-
centric shafts,

It should be emphasized that the foregoing reasoning is specific to the
following conditions: (a) the knobs in question are continuous rotation (i.e.
low friction) knobs, (b) frequent inadvertent operation of adjacent coaxial
knobs cannot be tolerated, (c) the primary purpose of mounting the knobs on
concentric shafts is to save panel space. Where these conditions obtain, it
would usually be undesirable concentrically to gang more than two knobs and
would frequently be undesirable even for two.

Concentrically ganged controls may still be desirable, however, under the
following conditions: (a) when the knob operations involved are sequentially
or functionally related, particularly when it is necessary or desirable to pro-
ceed from one knob to another without visual reference, (b) when neither inad-
vertent operation of adjacent knobs nor small delays are critical (e.g. If one
knob of a television set controls '"focus", the other "volume", the operator will
recelve immediate visual or auditory feedback of lnadvertent operation of an
adjacent control which he can then correct with negligible delay.) Here small
differences in diameter can be used, and panel space can therefore be saved.
(¢) when large diameter knobs must be used whether the knobs are ganged or
isolated, (d) when it is necessary to save space behind the panel, (e) when
detent knobs are to be used, or when certain combinations of detent and con-
tinuous rotation knobs are to be used. Detent knobs necessarily consume con-
siderable panel area since a large lever arm is necessary to exert the required
torque. A very slightly larger continuous-rotation knob could be placed behind
the detent knob at a very small additional cost of panel space. "Front knob
errors", when the continuous rotation knob is operated, would be irrelevant
since a detent knob cannot be thrown off its setting by a mere touch. Back
knob errors, when the detent is operated, could be eliminated by shielding, or
could be reduced by increasing the thickness of the detent or by spacing it
farther in front of the continuous rotation knob. Panel space would have been
saved. Finally, subjects in these experiments were instructed to work for
both speed and accuracy. Where speed is not a consideration, accuracy may
increase accordingly and smaller diameter differences may be tolerable, at the
expense, however, of additional "strain" upon the conscientious operator in
making an accurate setting.
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APPENDIX

NUMBER AND PERCENT OF ERRORS AND AVERAGED REACH AND
TURNING TIME SCORES FOR EACH OF THE SEPARATE EXPERIMENTS
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TABLE 271

TUVRERAND THRCENT SHRCRS AND AVERAGUD TINE CCOR .S FOR BAPSRINENTS I-A and I-B

EXF 'RIMENT  I-A EXPRRIMENT I-B
Front Front Knob Thickness Front Xnob Thickness
Knob
Veasure Diameter /A 1/2 3/L 1 All 1/4 1/2 3/4 1 A11
1 3 0 1 0 L
Total 2 2 2 0 0 I
Number
of 3 2 1 1 0 L No Data Taken
Errors
L 6 0 1 0 7
A11 13 3 3 0 19
1 3.75 0 1.25 0 1.25
2 2.50 2,50 0 0 1.25
Fercent
3 2,50 1.25 1.25 0 1.25 No Data Taken
Errors
L 7.50 0 1.25 0 2.19
A1l L.06 N 9L 0 1.49
1 8531 .6605 6153 5459 .6687 5556 L5470 4943 L4820 .5197
2 L8055 .6224 5426 .5289 .6249 L4888  .5100 L4389 L4564 L4735
Averag
Reach q 3 JIT3L L6170 L5228 L5096 6056 L4736 4901 L4670 L4205 L4628
Time
L L7608 6155 L5510 .52T76 6137 534 J4989 4268 438L LSLL
All J7198L  .6289 5579 .5280 .6282 4529 L5115 J4568  JLL93 (LT776
1 1.845 1.387 1.337 1.366 1.484 1.494 1.460 1.510 1.418 1.470
) 1.346 1.279 1.212 1.186 1.256 1,291 1,148 1.278 1.208 1,231
verage . . 199 1.298 1.156 1.050 1.176
kurning 3 1,392 1.191 1.190 1,083 1.214 1.199 9 5
[ime 4 1.433 1.327 1.297 1.179 1..309 1.338 1.363 1.320 1l.266 1.322
A11 1.504 1.296 1,259 1.204 1.316 1,330 1.717 1.316 1.236 1.300
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TABLE XVII
NUMBER AND PERCENT ERRORS AND AVERAGED TIME SCORES FOR EXPERIMENTS II-A AND II-B

Diameter
Difference EXPERIMENT II-A EXPERIMENT II-B
Between
Front and Front Knob Thickness Front Knob Thickness
Measure Middle 1/2 37h All 1/2 3/k 1 ALl
Knobs
1/4 17 15 27 59
1/2 10 5 7 22
B 3/4 3 5 5 13
ack 2 2 2 6 No Data Taken
Knob 1 1/a pbl 3 3 17 .
Errors |y 1/2 4 2 A 10
A1 47 32 L8 127
1/4 28,33 25.00 45.00 32,78
1/2 16,67  8.33 11.67 12,22
Percent | 3/L 5.00 8.33 833 7.22 No Data Taken ]
Back 1 3.33 3.33 3.33 3.33 i
Knob 1 1/k 18.33 5.00 5,00 AN
Errors 11/2 6.67 3.33 6,67 5.56
A1l 13.06  8.89 13,33 11.76
/4 L8 46 43 137 38 38 32 108 |
1/2 22 19 21 62 23 29 21 73
Front B/A 9 9 2 20 10 16 12 38
Knob 3 2 L 9 5 6 9 20
Errors 1 l/h 0 1 2 3 0 2 2 4
11/2 2 0 2 L 0 3 2 5
ALl 8l 77 4 235 76 9 78 248
/4 80.00 76,67 T1.67 76,11 63.33 63.33 53.33 60,00
1/2 36.67 31.67 35.00 3Lk 38,33 48,33 35,00  40.56
Percent 3/4 15.00 15,00 3,33 1.1 16,67 26,67 20,00  21.11
Front 5.00 3,33 6.67 5.00 8.33 10,00 15,00 11.11
Knob 1 1/a 0 1.67  3.33 1.67 0 3.33 3.33 2,22
Errors 11/2 3.33 O 3,33 2,22 0 5,00 3.33 2,78
A1l 23,33 21.39 20,56  2L.76 21,11 26,11  21.67 22,96
1/4 .8933  .9353 .9388 .9225 .9197 . 9195 .8018 .8803
1/2 L7257 L7690 ,7538 . T495 .8753 .7630 » 7733 .8039
Average 3/h 6507 7363 .7213 .7028 JTR277 7820 6862 7320
Reach 6620  .6995  ,6965 .6860 L6617 .6193 .6275 6362
Time 1 1/a .6358  ,6957  .6897 6737 6397 .6178 L6077 6217
11/2 bLL5 L6610 .6892 6649 L6042 .5995 .6035 6024,
A1l JT020  LTH95  LThB2 .7332 7380 .7168 .6833 7128
1/4 1.923 2,025 1.985 1.977 2.275 24452 2,199 2.309
1/2 1.750 1.629 1.543 1.641 2.24, 2,023 2,196  2.154
Average 3/u 1.454  1.462 1.38L 1.434 1.889 2,061 1,829  1.926
Turning 1.381 1.539 1.387  1.435 1.658  1.622  1.803  1.694
Time 1 1/u 1.471 1,321  1.451 1414 1,801  1.622  1.637  1.687
' 11/2 1.344 1,338  1.538  1.407 1.525  1.548 1,751  1.608
A1l 1.554 1,552 1.548 1.551 1,899 1.888 1.903 1.896
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TABLE XVIII

NUMBER AND PERCENT ERRORS AND AVERAGED TIME SCORES FOR EXPERIMENTS IIT-A AND ITII-B

Diameter EXPERIMENT III-A EXPERIMENT III-B
Difference
Between Middle Knob Thickness Middle Kriob Thickness
Front and
Measure Middle Knobs 1/2  3/4 1 1/2 with Al 1/2  3/4 1 1/2 with All
l 1 ' 1!2" SﬂE
1/2 30 9 6 2 L7
3/L 15 A 0 3 22
Back 1 10 3 2 2 17
Knob 11/4 13 3 0 0 16 No Data Taken
Errors AL1 68 19 8 7 102
1/2 25,00 7,50 5,00 1.67  9.79
3/L 12,50 3.33 O 2,50  4.58
Percent 1 8,33 2.50 1,67 1.67 3.54
Back 11/4 10.83 2.50 o} 0 3.33 No Data Taken
Knob
Errors A1l 14.17 3.96 1.67 1l.4é 5.31
1/2 I 39 26 22 151 36 38 22 29 125
Front 3/k 28 6 10 17 61 18 L 12 8 52
Knob 1 11 L 5 8 28 L L 10 3 21
Errors 11/ 0 2 0 0 2 3 0 2 1 6
A 103 51 41 L7 242 61 56 L6 L 204
Percent] /2 53,33 32,50 21.67 18433 31.46 | 30.00 31.67 18,33 24,17 26,04
Front 3/h 23,33  5.00 8,33 14.17 12,71 | 15.00 11.67 10,00 6.67 10,83
Knob 1 9.17  3.33 4.7 6.67  5.83 3,33 3.33 8,33 2.50 h.37
Errors 11/k 0 1.67 0 0 k2 2.50 0 1.67 .83 1.25
A1l 21,46  10.62 8,54  9.79 12,60 | 12.71 11.67 9.58  8.54 10,62
1/2 J3L42 L6712 L6239 .6388 L6670 | .7558 L6706 L6582 L6618 ,6866
3/k L7039 .6222 L5737 .5800 L6200 | L6860 J6243 L6148 L5938 ,6297
Average 1 JOLTE  .5858 L5501 J5511 5836 | L6632 ,6336 45882 .5980 ,6208
g?ach 1/1 | .6398  J5TLO o5550 J550k  .5798 | L6757 J6LLO L5915 .5889 6175
ime
AL | J68LL L6133 L5757 45801  J6126 | L6952 (6356 .6132 .6106 .6386
1/2 1498 1.445 1.352 1,296  1.398 | 1.693 1.465 L1.472 1.424 1,51k
3/L 1.443 1.206 1.198 1.287 1.283 |1.417 1.403 1.388 1.300 1.377
Averag 1 1.363 1,147 1.230 1.258 1,249 |1.346 1.372 1,371 1.327 1.354
T:;nin 11/4 |1.242 1.221 1,199 1.208 1.218 |1.328 1,382 1.398 1.281 1.347
Time
A1l | 1.387 1.255 1.245 1.262 1,287 |1.446 1.405 1.407 1.333 1.398
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TABLE XIX

NUMBER AND PERCENT ERRORS AND AVERAGED TIME SCORES FOR EXPERIMENT IV

Diameter Difference

Back XKnob Thickness

Between

Measure Back and Middle Knobs 1/4 1/2 3/l All
1/2 40 25 30 95

3/L 39 25 12 76

1 21 19 11 51

Errors 11/4 13 3 6 22
11/2 A 7 1 12

1 3/4 11 7 3 21

A1l 128 86 63 277
1/2 33.33 20.83 25,00 26,39
3/ 32450 20.83 10,00 21,11
1 17.50 15.83 9.17 14.17
Percent 11/4 10.83 2.50 5,00 6.11
Errors 11/2 3.33 5.83 .83 3.33
1 3/k 9.17 5.83 2.50 5.83

A1l 17.78 11.94 8.75 12,82
1/2 L7524 .6933 .7230 7229
3/L L6776 6669 . 6581 6675
Average 1 6667 L6494 6326 6496
Reach 11/4 +6400 .6289 .6108 .6266
Time 11/2 6339 .601L .6335 .6229
1 3/4 .6230 NINN .5981 6218
A1l 6656 LT L6427 .6519
1/2 1.560 1.417 1.575 1.517
3/h 1.435 1.322 1.355 1.371
Average 1 1.325 1.378 1.320 1.341
Turning 11/4 1.298 1.352 1.272 1.307
Time 11/2 1.326 1.272 1.329 1.309
1 3/k 1.259 1.349 1.268 1.292
All 1.367 1.348 1.353 1.356
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TABLE XX

NUMBER AND FERCENT ERRORS AND AVERAGED TINE SCORES FOR EXPERIMENT V

Diameter Difference Thickness of All Three Knobs
Between Middle and
Veasure Front and Back Knobs 1/2 3/l A1l
1/2 49 2 51
1l 30 12 42
Back
Knob 11/2 19 3 22
Errors
All 98 17 115
1/2 40.83 1.67 21.25
Percent 1 25,00 10.00 17.50
Back
Knob 11/2 15.83 2.50 9.17
Errors
A1l 27.22 L.72 15.97
1/2 68 53 121
Front 1 30 19 L9
Knob
Errors 11/2 14 10 24
All 112 82 194
1/2 56,67 44,17 50.42
Percent 1 25,00 15.83 20.42
Front
Knob 11/2 11,67 8.33 10.00
Errors
All 31,11 22.78 26,95
1/2 1.365 1.165 1.265
Average 1 1.199 1.045 1,122
Reach
'rifﬁz 11/2 1.160 1.000 1.080
A1l 1.24) 1.070 1.156
1/2 2,601 2,221 2.411
Average 1 2,196 2.256 2,226
Torning 11/2 2.121 2,108 2,11
A1l 2,306 2.195 2.251
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